We present the first SU-8 based piezoresistive mechanical sensor. Conventionally, silicon has been used as a piezoresistive material due to its high gauge factor and thereby high sensitivity to strain changes in a sensor. By using the fact that SU-8 is much softer than silicon and that a gold resistor is easily incorporated in SU-8, we have proven that a SU-8 based cantilever sensor is almost as sensitive to stress changes as the silicon piezoresistive cantilever. We demonstrate the chip fabrication, and characterization with respect to sensitivity, noise and device failure.
INTRODUCTION
The use of the SU-8 polymer within the MEMS field has been exponentially growing during the last couple of years. The fact that SU-8 is very chemically resistant makes it possible for the use as a component material. Due to its ability of defining layers with thicknesses between 1 pm and 1 mm with high aspect ratio (>20) [1] , SU-8 has been a popular and cheap alternative to silicon for the fabrication of passive components. Such components include microchannels, micromolds for electroplating or masters for hot embossing. Passive SU-8 based atomic force microscopy (AFM) cantilevers have also been demonstrated [2] .
Since silicon exhibits very good mechanical behaviors and also a very high piezoresistive coefficient, SU-8 has so far never been considered as an alternative as a sensor material with integrated readout. In this paper we present the first SU-8 based sensor with piezoresistive readout which is a cheap and easy fabrication alternative compared to silicon sensors. A cantilever with piezoresistive readout is presented as an example of such a sensor. Cantilevers with piezoresistive readout are normally used as stress sensor, e.g. AFM probes and surface stress sensors for detection of bio-molecular interactions.
THEORY
In order to illustrate the sensitivity of the SU-based piezoresistive cantilever, it is compared to the sensitivity of a piezoresistive silicon cantilever. In this example the surfaces stress sensitivity is compared for the two different sensors.
When molecules bind to the surface of a cantilever, the surface stress o, changes due to molecular interactions. This stress change can then be picked-up in the integrated piezoresistor. A simple expression for the sensitivity can be obtained by assuming that the cantilever only consists of one material and an infinitely thin resistor is placed on top of the cantilever. The relative change in resistance can be written as:
where K is the gauge factor, E is Young's modulus and h is the thickness of the cantilever.
In our sensor, a thin gold film is used as the piezoresistor. Gold has a low gauge factor (&,=2) compared to silicon (Ksi= 140) and is therefore considered inferior to silicon as a piezoresistive sensor material. From equation (1) it is seen that the W E actually determines the stress sensitivity of the cantilever for the same thickness. Since SU-8 has a Young's modulus of 5 GPa and silicon has a Young's modulus of 180 GPa, the ratios becomes (K/E)~i=0.8 GPa-' and ( I U E ) S~-~~~~= O .~ GPa-', which is only a factor of 2 in sensitivity in favor of silicon. The sensitivity of the SU-8 based piezoresistive cantilever can in principle be enhanced by integrating a piezoresistor material with even higher gauge factor. It is for example possible to integrate a sputtered silicon piezoresistor with a gauge factor of about 20. But in order to use Youngs's modulus for SU-8 in the W E relation, the stiffness of the piezoresistor should be neglectable compared to the SU-8 cantilever. This can only be obtained by reducing the thickness of the poly silicon resistor which increases the noise significantly and thereby reducing the signal to noise ratio. 
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DESIGN
Si wafer
The design of the cantilever chip is shown in figure 1. As can be seen from the figure that the chip consists of two cantilevers with integrated resistors and two resistors on the substrate forming a whole Wheatstone bridge. The advantage of this design is that one of the cantilevers can be used as a measurement cantilever, while the other is used as common-mode rejection filter. The parameters for the fabricated cantilevers are shown in table 1. Optical pictures of the fabricated chip can be seen in figure 2. In figure 2a, the two cantilevers can be seen. Figure 2b shows a close-up of one of the cantilevers. The meander-like resistor structure is clearly seen in the picture.
fast etching sacrificial layer, developed by G. Genolet [3] . A thin layer of SU-8 is spun on the wafer and patterned as upper cantilever layer (figure 3b). A 1 pm thick gold layer is deposited on top of the wafer. The conductor mask is transferred to the wafer by standard photoresistlphotolithograph? and the conductors are etched (figure 3c). A 400 A thick gold layer is deposited and the resistors are defined by the same procedure as above (figure 3d). The metal is completely encapsulated in SU-8 by depositing and patterning of a 5.8 pm thick SU-8 layer for the lower SU-8 cantilever layer (figure 3e). A 350 pm thick SU-8 layer is spun on the wafer an patterned as the chip substrate (figure 30. The c h p is finally released by etching of the sacrificial layer (figure 3g). 
FABRICATION
The SU-8 based cantilever with integrated piezoresistive readout is fabricated on a silicon substrate, which is only used in order to be able to handle the chips during the processing. First, a Cr/Au/Cr layer is deposited on the silicon wafer see figure 3a . This is used as a very CHARACTERIZATION SEM micrograph of the finished chip is seen in figure 4 . Figure 4a shows the cantilevers seen from below. The cantilevers are seen to be completely straight. Figure  4b shows the cantilevers seen from above. It is not possible to see the resistors or the conductors on this micrograph. The deflection sensitivity of the piezoresistive SU-8 cantilevers has been measured by observing the relative change in resistance as a function of the cantilever deflection. The result is shown in figure 5 . It is seen that a straight line can be obtained from the measurement. This states that the deformation is purely elastic.
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Minimum detectable deflection
The deflection sensitivity can be found from the slope of the straight line to %lz=O.3 ppdnm, which yields a gauge factor of K= 4. The reason that the gauge factor is higher than expected is probably due to different behavior of the very thin gold resistor than a bulk gold resistor. 
Frequency (Hz)
The minimum detectable deflection or minimum detectable surface stress is defined by the noise in the system. Since the vibrational noise is considerably lower than the electrical noise sources in this resistor setup, only the Johnson noise and the 11f noise is considered here. In figure 6 , the noise is measured as a function of frequency for different input voltages. It is seen from the graph that the llf noise is very low with a knee frequency of about 10 Hz for a Wheatstone bridge supply voltage of 4.5 V. It is seen from the graph the measured Johnson noise floor is about a factor of 2 higher than expected. From the above measurements it is possible to list the performance of the SU-8 based piezoresistive cantilever. The performance is listed in table 2 with respect to deflection sensitivity, minimum detectable deflection, surface stress sensitivity and minimum detectable surface stress. Furthermore, the performance is compared to an optimized silicon piezoresistive cantilever. It is seen from the table that the minimum detectable deflection is 10 times better for the silicon cantilever, but only 5 times better for the minimum detectable surface stress, nevertheless the SU-8 based piezoresistive cantilever can be used as a surface stress bio-chemical sensor, since the change in surface stress due to molecular interactions on a cantilever surface is normally in the order of -1 N/m [4, 5] . Reducing the thickness of the cantilever can increase the surface stress performance even further. As seen from equation 1, the sensitivity is inversely proportional with the thickness. With the given technology it is possible to decrease the cantilever thickness a factor of 2 and thereby decrease the minimum detectable surface stress with a factor of 2.
Electron migration of the gold resistor has turned out to limit the supply voltage. As seen from equation 2 the mean time to failure (MTF) due to electron migration decreases as the square of the current density (i).
where Q is the diffusion activation energy and T is the temperature. Since the gold resistor has a very small crosssectional area this effect quickly becomes dominant factor for the working of the device. Figure 8: In both images the lower cantilever is exposed to a voltage drop. In a) the cantilever is exposed to 1 V and no plastic deformation is obtained and b) the cantilever is exposed to 2 V at which it is deformed. Figure 7 shows two plot of the change in resistance value as a function of time for different voltage drops over a gold resistor. The resistor value becomes unstable for supply voltages more than 1 V. As seen in the figure, the resistor value for a voltage drop of 2 V is unstable due to the deformation of the cantilever. After the deformation is completed the resistor value stabilizes. For supply voltages higher than 3 V the resistor burns within a few seconds. The reason for the instability of the resistance is not only due to electron migration, but also due to a plastic deformation of the cantilever. Figure 8 shows the plastic deformation of the cantilever for different supply voltages. It can be seen that no deformation is obtained for a supply voltage of 1 V while the cantilever is severely bended due to a plastic deformation for a supply voltage of 2 V. The reason for the plastic deformation is probably due a significant selfheating of the resistor. Since the SU-8 polymer is a very poor heat conductor, the resistor self-heating has probably heated the SU-8 non-uniformly through the cantilever, which has lead to the bending of the cantilever. From this experiment it can be concluded that the maximum voltage drop over the cantilever resistor should be 1 V, corresponding to a Wheatstone bridge supply voltage of 2 V.
CONCLUSIONS
We have demonstrated the design, fabrication and performance of the first SU-8 based piezoresistive cantilever. The fabrication of the sensor is very cheap and easy compared to conventional silicon fabrication technology, and the use of SU-8 opens up for a whole new design space. The theory described why the surface stress sensitive cantilever potentially is as sensitive as a silicon cantilever, and the characterization of the fabricated cantilever supports this theory. The measured gauge factor was a factor of 2 higher than expected. For the current design, the minimum detectable surface stress is still a factor of 5 higher than for the optimized silicon cantilever, but is still sensitive enough for the use in many biochemical sensor applications.
